It is suggested that several basic properties of biological systems, such as muscular motions, active transport of energy, etc., may be described in terms of a dynamical model possessing metastable ferroelectric states. The model is based on the observation that configurationally unstable anions, in particular O 2-, can lead to ferroelectric phase transitions. Due to the highly variable electronic polarizability of such ions a fourth-order potential is generated which can be the origin of three types of solitary excitations: elastic 'pulse' solitons, ferroelectric 'kink' (or domain-wall) solitons and periodic (coherent) solitary waves. Their possible relation to biological phenomena is discussed.
Jt was suggested some time ago [1, 2] that biological activity and related phenomena may be due to the coherent excitation of polar modes that are stabilized by non-linear deformations of the system. A model has been discussed [2] consisting of a polarization field non-lineary coupled to an elastic field. This model exhibits an excited metastable ferroelectric state (electret). Of particular importance turned out to be a repulsive fourth-order term in the polarization field which led to a stabilization of the excited metastable state. It was suggested that such a model reproduces several essential features of the behaviour of biological systems such as membranes and enzymes. The possible microscopic origin of the model was not investigated.
In the present paper we shall emphasize some specific features of a microscopic model [3] [4] [5] which support these suggestions and make closer contact with well-known properties of biological systems. This microscopic model, recently proposed for the ferroelectric phase transition in perovskites, not only yields a quantitative description of light scattering and lattice vibrations but also leads to a temperature-dependent non-linear coupling between the polar ferroelectric soft mode and the transverse acoustic lattice modes [3] . It was shown [4] that at long wavelengths a simplified version of the model could be treated analytically in terms of solitary waves, so-called 'kink'-solitons [6] or domain-walls which correspond to ferroelectric soft modes and 'pulse' solitons which obey a Kortewegde Vries equation [7] and describe inhomogeneous elastic excitations. In an improved version [5] , the model exhibits solitary wave solutions upon a discrete lattice which allows the study of coherent excitations in realistic molecular chains including the effect of boundary conditions on the chain ends. The main ingredient of this dynamic model is the very anisotropic quartic oxygen polarizability which, in the adiabatic approximation, is equivalent to a fourth-order coupling between an optical polarization field and an elastic field. In this respect, the model is strongly reminiscent of the phenomenological model discussed in the first paragraph.
First, we briefly discuss the general analytical structure of the model in its two versions and the important properties of the two types of solitary wave solutions. Second, we sketch several possible applications to biological systems. Third, we speculate about the range of validity of such a model in order to stimulate further investigations along the lines given in this discussion.
The basic feature of our model is the description of the system by at least two interacting subsystems: one built from positively charged, only weakly polarizable entities such as the cations K + , Na + , Ca ++ , Ti 4+ etc., and another one of strongly polarizable negative entities such as H -, 0-, etc. which are (nearly) unstable as free-ion configurations but which are stabilized in the system by long-range Coulomb forces. Such a system can exhibit a ferroelectric soft mode [3] connected with a (first or second order) phase transition. In a one-dimensional model (Fig. 1 ) we obtain two phonon branches, a
VF(T,)
VF(T2W- low-frequency acoustic and an optic branch which exhibits a strongly temperature-dependent softmode behaviour at all wavelengths [3] . In a perovskite, for example, we would have alkali metal ions (Na+, K+, etc.) coupled to oxygen anionic clusters (TaOö) ions in a chain-like way [4] . The near-instability of the electronic configuration of the anionic cluster leads to this strongly temperature-dependent softening of the ferroelectric mode, with frequency vf, as the temperature approaches the transition temperature, T-KTc.
We note that we are dealing with the transverse phonons of the system since the longitudinal optic modes are stabilized by the macroscopic electric field and do not show any soft-mode behaviour. The distinction loses its meaning for small ferroelectric units in biological systems.
In the limit of long wavelengths (continuum approximation) we may describe the system by two fields. One of them is an elastic displacement field characterized by a transverse vector field, a, while the other one, which couples to the electromagnetic field, is a transverse polarization field, p. In a nearest neighbour approximation for the force constants (which contain the effective attractive Coulomb forces between the two subsystems) we obtain [4] for the elastic field C • vt + Ktv^v*-f K2vxxx = 0, C2~K2, (1) where v = a,x means the first derivative of the displacement a in our one-dimensional model z-space. The substript t denotes differentiation with respect to time. K2 and K4 denote effective nearestneighbour harmonic (second order) and non-linear (fourth order) coupling constants.
The corresponding equation for the polarization field reads:
We note that the system is unstable in the harmonic approximation due to the negative sign in front of K2. If, in both cases, we replace the non-linear terms by their self-consistent thermal averages, <p 2 >T and <a 2 >T, where C n(x) ^ hcO"(x) l^j coth TKT (3) and con (x) and Cn {x) denote the frequency spectrum and the effective coupling parameter for the phonon branch under consideration, we obtain the long wavelength regime of the two phonon branches as indicated in Fig. 1 . This description works only in the paraelectric regime in the weak-coupling limit, i. e. for a second-order phase transition.
If we are interested in a description which includes both phases we should look for genuine non-linear solutions of eqs (1) and (2). Eq. (1) has exactly the form of a so-called modified Korteweg-de Vries equation [7] which possesses propagating wave solutions of the general form:
-HW sech (4) a^ (x ((Cc/K2)i/2 (Jc-ct)+) These non-linear waves are often denoted as pulse solitions or, if in addition they have an internal modulation, as envelope solitons [8] . Their general structure is shown in Fig. 2 . They look like wavepackets of the normal acoustic phonons but, in contrast to them, they are very stable non-linear waves and can provide a nearly dispersionless and
•rn"N HI -mrnti loss-free transport of elastic energy through the system [9] . We note that a* means the spatial derivative of the displacement while the displacement itself exhibits a behaviour like a step function.
An analogous behaviour can be explored for the polarization field, eq. (2). This equation is that of a 'kink' soliton or domain wall as discussed in detail by Krumhansl and Schrieffer [6] . Here, the general solution for a propagation wave reads / K2 W 2 p(x-ct) oo j tanh (5) ((x-ct)/(2(l-c 2 /K2))i/ 2 As in eq. (4), the transport velocity, c, is a free parameter. Its polarization pattern is shown in Fig. 3 . As one can see, in both cases the phonons are In an improved version of the model [5] , the nonlinear polarizability of the anionic cluster is explicitly taken into account. While the behaviour of the phonon disj ersion curves is still exactly as described in Fig. 1 , the non-linear solutions include now a new type of periodic solutions, in addition to the localised quasi-static solutions on the continuum limit. These new solutions are periodic non-linear solutions upon the discrete lattice (the first to be known on a diatomic lattice) which exhibit a commensurate dynamical superstructure on the original lattice. The frequencies, correspondingly, turn out to be sub-harmonics of the phonon frequencies but, of course, with non-linear amplitudes.
How do we describe the behaviour of the system in terms of these solitary excitations ? If the system is in thermal equilibrium, then above the phase transition we see merely the renormalised phonons as described in Fig. 1 . As the system approaches the phase transition precursors of the static ferroelectric displacements appear. That is, pulse solitons, kink solitons and more complex solitons such as (kink -anti kink) bound states ('breathers') are present in addition to phonons. At the phase transition the solitons become a static feature of the system, i.e. micro-domains and inhomogeneous strain patterns of the type given in Figs 2 and 3 become structural elements of the system.
In addition to this behaviour in thermal equilibrium, we may excite non-thermal metastable solitary and periodic waves by applying external fields, for example, heat pulses for pulse solitons or strong electromagnetic fields for kink solitons. They describe well-localised solitary waves which are able to transport elastic deformation energy or 'optic' polarization energy through the system.
Strong indications of the existence of these nonlinear metastable excitations are the photo-elastic and photo-optic effects observed in ferroelectric systems such as SbSI, BaTi03, etc. [10, 11] . Since the model in the self-consistent approximation gives a surprisingly good description of the thermodynamic behavior of soft modes in very different types of ferroelectrica (perovskites, SbSI, improper ferroelectrics K2Se04), and very likely, KDP) [12] its non-linear extension is presently studied for its application to non-linear phenomena as described above.
What are the possible applications of this model to biological systems ? The following points may be of importance in this context. First, let us consider the chemical basis of the model. It is known that among the several hundred ferroelectrics (including improper and anti-ferroelectrics) which are known so far [10] more than 90% are oxides. The remaining systems are essentially chalcogenides, i.e. homologues of the oxides, except for some ferroelectrics with static dipoles and orientational order-disorder transitions which do not belong to the systems under discussion.
To be specific: in the perovskites, ABO3, the important non-linear interaction is centered at the oxygen site inside the anionic transition-metal oxygen cluster, BOe, and may be described via a non-linear (quartic) polarizability of the oxygen ion which is strongly modulated by the position of neighbouring ions, A [13] . In K2Se04 the SeO-icluster, in SbSI the SnS-, and in KPD the (P04)~ groups play an important role in the phase transition very similar to that of the BO3 cluster in the perovskites. Let us follow the general idea that the ferroelectric phase transition and related phenomena are, in many cases, triggered by the highly polarizable part of the electron charge density of a configurationally unstable anion or an equivalent molecular unit which is only stabilized by the cooperative effect of long-range Coulomb forces. In this case a list of possible candidates for ferroelectric systems, in addition to 0 2~ and its homologues S 2~, Se 2~, Te 2~, are the anions of hydrogen, nitrogen, sulfur and phosphorus, and perhaps a few more. Interestingly, this set of ions is practically the one that is normally encountered in simple organic chemistry, including the most important 'medium' H2O. Even if the ions are generally not in a strongly negatively charged state, they may often fluctuate in such a configuration if dynamical effects support a charge transfer.
Molecular groups which are often found in biological systems at the surface of the systems are PO4, NaOe, CH3, etc. i.e. groups which appear also in the inorganic ferroelectrics discussed above. It therefore appears possible that biological systems behave in several respects like a complex sequence of 'devices' with the end groups acting as ferroelectric 'switch' elements, where chemical energy, an electric pulse or a low-frequency electromagnetic wave can be transformed into a localized excitation energy which afterwards is 'actively' transported through the system. Note that the on-site electron-lattice coupling of the polarizable anions exhibits, to lowest order, only a purely real effect in the phonon selfenergy, in contrast to the usually considered intersite anharmonicity which gives finite lifetime to lowest (cubic) order. Possible applications seem to be, for example, muscular contraction which is switched on by the adsorption of a Ca 2+ ion leading to a sudden motion of the muscle heads [14] . These heads also show a kind of low-energy static 'ferroelectric' behaviour in the frozen-in situation at low temperatures, while the motion of the muscle filaments during the muscular contraction is very reminiscent of a pulse soliton. There are other phenomena (nerve impulse [15] , membrane activity [16] , etc.) which might be described this way. More detailed investigations of specific cases are now in progress. Another possible application of this model would refer to the primary process in photosynthesis. In this process a light quantum absorbed in the photosynthetic unit creates an exciton whose energy must be transported to the active site. Transformation of this energy into a solitary excitation would ensure a loss-free transport.
Our approach to some essential features of biological systems, in particular to (nearly) dispersionless and loss-free transport and similar types of internal processes, may be compared with other theories which emphasize the self-organisation (synergetics [17] ) of biological systems and are related to the long range coherence (limit cycle) of dissipative systems such as the Van der Pol oscillator (c.f. F. Kaiser, ref. [2] ). This behaviour is very different in its physical nature from the coherent oscillations of a conservative non-linear system such as the 'periodons' of our model. We would expect that both aspects the dissipative limit cycle behaviour and the excitation of conservative coherent solitary waves have to be considered in a theoretical approach to biological systems. The particular element of our 'electret' model is the explicit treatment of the electronic polarization in its dynamical non-linear interaction with lattice vibrations. This point of view turned out to be very fruitful for the quantitative description of ferroelectric phase transitions. Although the application of the model to biological systems is certainly highly speculative at the present state of the art is seems to us a worthwhile attempt in view of many unexplained biological phenomena of 'active' and coherent character.
